During a meal, multiple gastrointestinal sites are stimulated by ingested nutrients and their digestion products, initiating local gastrointestinal actions and producing a variety of potential feedback signals that can contribute to meal termination. During ingestion, gastric emptying is rapid, allowing a significant portion of ingested nutrients to enter the intestine. Gastric and duodenal vagal afferent fibers increase their electrophysiological activity in relation to the mechanical presence of ingested nutrients. On reaching the duodenum, nutrients also activate vagal chemosensitive elements and stimulate the release of a variety of brain gut peptides including cholecystokinin (CCK). CCK also activates vagal afferent fibers directly and modifies the response properties of vagal mechanosensitive fibers to gastric and duodenal loads. Blocking or eliminating these feedback signals results in increased meal size demonstrating their role in meal termination.
Introduction
During a meal, multiple signals are generated within the oral cavity and the gastrointestinal tract that can serve as feedback mediators influencing meal size. Ingested nutrients contact taste receptors in the mouth allowing the organism to determine whether feeding will continue or terminate. Ingested nutrients accumulate within the stomach, activating gastric mechanoreceptors and resulting in gastric accommodation. During a meal, some ingested nutrients pass from the stomach and contact intestinal mechanoreceptive and chemoreceptive elements resulting in alterations in gastrointestinal motor and secretory activity, local peptide release and the activation of vagal afferent fibers. In this minireview, we will focus on the determinants of nutrient distribution within a meal and identify the types and mode of transmission of feedback information arising from the stomach and upper intestine that could lead to meal termination.
Within-meal gastric emptying
The potential range of feedback mechanism that could be operating to lead to meal termination is dependent upon the distribution of ingested nutrients during the ingestion period. Kaplan et al 1 demonstrated in the rat that when the stomach is filled at rates mimicking normal ingestion rates, gastric emptying during fill is much more rapid than following fill, occurs at a constant rate for the duration of the fill period and is not affected by nutrient concentration. Similar results were found whether the meal was infused or ingested by the rat. 2 These data demonstrate that a significant portion (in the rat as much as 30%) of ingested nutrients enters the duodenum, contacts duodenal receptors and is available for absorption. We have demonstrated similar dynamics of gastric emptying during fill in rhesus monkeys, although while volume is a main determinant, nutrient concentration also plays a significant role. 3 
Vagal afferent innervation
The vagus is the major neuroanatomical link between the gastrointestinal tract and the brain. Vagal afferent fibers with cell bodies in the nodose ganglion arise from the digestive organs and project to the nucleus of the solitary tract (NTS) in the caudal brainstem. There is a rough viscerotopic representation of the alimentary canal within the NTS. 4 The response properties of vagal afferents depend in part upon the target organ from which they arise.
Gastric vagal afferent activity
Mechanosensitive gastric vagal afferents increase their firing in response to increasing gastric load volume. Both rapidly and slowly adapting fibers have been identified. 5 Slowly adapting mechanoreceptive fibers are common. Such fibers increase their response rate with increasing gastric volume, remain active while load volume is retained and show an off response where activity briefly drops below baseline levels when the load volume is removed. Individual afferents are differentially tuned such that there are differences in their dynamic range. 6 Some afferents reach their maximal activity at small intragastric volumes while others do not begin to respond until a significant gastric load is present. We have shown that gastric mechanoreceptive vagal afferents do not respond directly to the chemical character of the gastric load. Response rate is similarly increased by nutrient and non nutrient load volumes that are contained in the stomach by a pyloric noose. 7 However, their responsivity can be altered by duodenal nutrient. 8 Thus, gastric vagal afferent activity is modulated in the presence of duodenal nutrients.
These alterations in vagal afferent activity may reflect the actions of duodenal nutrient-induced release of GI peptides. For example, the brain=gut peptide cholecystokinin (CCK) is released by the duodenal presence of nutrient digestion products. Exogenously administered CCK activates gastric mechanoreceptive vagal afferents. Local arterial CCK administration results in increases in vagal afferent activity similar to those produced by intragastric load. 5 Combinations of gastric load and CCK produce greater degrees of activity than either alone. 6 CCK also modifies responses to subsequent intragastric load in that vagal afferent activity produced by load volume is greater following CCK administration than prior to it, even at times when the initial response has disappeared. 5 CCK-induced changes in gastric vagal afferent activity appear to result from a direct action of the peptide on the vagal afferent fibers. Vagal afferents contain CCK receptors 9 and CCK induces decreases in intragastric pressure which would not be expected to result in a secondary increase in vagal afferent activity. 10 In contrast, gastrin releasing peptide (GRP) induced increases in gastric vagal activity that appear to be secondary to local peptide-induced changes in gastric motility. GRP increases gastric wall tension and intragastric pressure and the increases in vagal afferent activity are correlated with these changes. In addition, GRP receptors are not found on vagal afferents. 10 
Duodenal vagal afferent activity
Duodenal vagal afferents are activated by both intraluminal load volume and nutrient character. Duodenal slowly adapting mechanoreceptive fibers have been identified and these fibers are also activated by CCK.
11 Similar to what has been shown in gastric vagal afferents, combinations of load and CCK combine to produce greater duodenal vagal afferent activity than either alone and CCK affects the response to subsequent load volumes. 11 Duodenal vagal afferents are also directly responsive to nutrient character. For example, both intestinal casein 12 or lipid infusions 13 have been shown to result in increases in vagal afferent activity. The response to casein may be secondary to a protein induced CCK release since the response is greatly diminished in the presence of a CCK receptor antagonist. 12 
Feedback disruption-induced alterations in meal patterns
Elimination of aspects of vagal afferent or peptide-induced feedback can result in significant alterations in the way that rats pattern their food intake. Vagal deafferentation, consisting of combined unilateral subdiaphragmatic vagotomy and contralateral afferent rootlet transection results in alterations in meal patterns in rats maintained on liquid diet. 14 Rats with vagal deafferentation consume larger less frequent meals than sham operated controls. Meal frequency is reduced such that overall food intake is unchanged. Similar alterations in meal size have been reported in response to capsaicin induced chemical deafferentation. These rats consume larger meals on a novel diet 15 or with calorically dilute sucrose access. 16 Alterations in meal patterns are also evident in rats lacking CCK A receptors, the CCK receptor subtype through which CCK activates vagal afferent fibers. 17 Otsuka Long Evans Tokushima Fatty (OLETF) rats have been demonstrated to have a 6 kb deletion in the CCKA receptor gene spanning the promotor region and the first and second exons. This deletion prevents protein expression, resulting in a CCK A receptor knockout rat. 18 OLETF rat are obese and hyperphagic. Characterization of their spontaneous solid food intake has revealed a 35% increase in daily food intake resulting from a 78% increase in meal size combined with an insufficient decrease in meal frequency. Similar results are obtained when OLETF rats are maintained on liquid diet. Meal size, expressed as the number of licks, is increased by 93%. 19 Together these data demonstrate that disruption of gastrointestinal feedback signaling by either severing of the major neural afferent pathway or by eliminating a major peptide signaling system produced significant behavioral alterations.
Summary
During a meal, the volume and nutrient character of ingested nutrients activate receptive elements in the stomach and duodenum, resulting in alterations in gastrointestinal motility, peptide release and the activation of vagal afferent fibers. These actions produced by meal-related stimuli serve as feedback signals for the control of meal size. The relevance of these signals is demonstrated in models in which these signals are blocked or eliminated. Such alterations result in a dysregulation of meal patterns.
